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ABSTRACT 
The molecular mechanism of proton pumping by heme-copper oxidases (HCO) has 
intrigued the scientific community since it was first proposed. We have recently reported a 
novel technology that enables the continuous characterisation of proton transport activity of a 
HCO and ubiquinol oxidase from Escherichia coli, cytochrome bo3, for hundreds of seconds 
on the single enzyme level (Li et al J Am Chem Soc 137 (2015) 16055-16063). Here, we 
have extended these studies by additional experiments and analyses of the proton transfer rate 
as a function of proteoliposome size and pH at the N- and P-side of single HCOs. Proton 
transport activity of cytochrome bo3 was found to decrease with increased curvature of the 
membrane. Furthermore, proton uptake at the N-side (proton entrance) was insensitive to pH 
between pH 6.4-8.4, while proton release at the P-side had an optimum pH of ~7.4, 
suggesting that the pH optimum is related to proton release from the proton exit site. Our 
previous single-enzyme experiments identified rare, long-lived conformation states of 
cytochrome bo3 where protons leak back under turn-over conditions. Here, we analyzed and 
found that ~23% of cytochrome bo3 proteoliposomes show 'pH half-lives below 50 s after 
stopping turnover, while only ~5% of the proteoliposomes containing a non-pumping mutant, 
E286C cytochrome bo3 exhibit such fast decays. These single-enzyme results confirm our 
model in which HCO exhibit heterogeneous pumping rates and can adopt rare leak states in 
which protons are able to rapidly flow back. 
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Introduction 
Cytochrome bo3 is an ubiquinol oxidase and a terminal oxidase in Escherichia coli. As a 
member of the A-type heme-copper oxidase (HCO) family, cytochrome bo3 is homologous to 
the mitochondrial Complex IV/cytochrome c oxidase [1, 2] and binds oxygen at its heme-
copper bi-nuclear center (BNC) where the oxygen molecule is reduced to water [3]. A 
marked distinction between the two protein complexes is that cytochrome c oxidase receives 
electrons from a single-electron donor, cytochrome c, whereas cytochrome bo3 has a two-
electron donor, ubiquinol. Oxygen reduction is coupled to the movement of protons, resulting 
in the uptake and release of protons involved in two different processes: 1) protons 
participating in the redox reactions (³chemical protons´) and 2) protons transported across 
the membrane (³pumped protons´) [1, 4-8]. During normal turnover, ³chemical protons´ and 
³pumped protons´ both contribute to the transmembrane electrochemical gradient ('\) and 
pH gradient (¨pH), which together constitute the proton motive force (pmf), the driving force 
for the synthesis of adenosine triphosphate (ATP) [1]. The chemical and pumped protons 
together account for eight protons transferred across the membrane per oxygen molecule 
reduced, giving a stoichiometry of 2 H+/e- [3]. 
The molecular mechanism of proton pumping by HCOs has intrigued the scientific 
community since it was first proposed [1, 4-18]. It is generally accepted that proton pumping 
is achieved by coupling electron transfer steps or redox states of BNC to the orchestrated 
protonation of key amino acid residues and/or water molecules [8, 17, 18]. Two proton entry 
pathways have been identified for HCOs and are named after amino acids that are considered 
to play important roles in each channel. These are the D- and K-channels, where the D-
channel takes up both chemical and pumped protons and the K-channel only takes up 
chemical protons. At the end of the D-channel, a crucial glutamate is located (E286 for E. 
coli cytochrome bo3), which is believed to act as a gate, preventing backflow of protons 
during turn-over [6]. The proton exit pathway is less clearly defined, although a key proton-
loading site (PLS) has been identified at one of the propionate group of the heme that is part 
of the BNC [19]. 
The protonation state of residues at the entrances and exits of the proton channels in HCOs 
are affected by the pH on each side of the membrane, and thus pH is expected to affect the 
proton pumping and redox activities of the enzymes. The effect of pH on the oxygen 
reduction activity was found to be different for the two sides of Rhodobacter sphaeroides 
cytochrome c oxidase. In particular, the enzyme activity was observed to change with the pH 
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at the N-side (proton entrance) of the enzyme, but remained relatively unaltered upon 
changing the pH at the P-side (proton exit) [20].  
We have recently published a novel methodology in which the proton transport activities 
of single cytochrome bo3 enzymes are continuously monitored for hundreds of seconds [16]. 
In this method, which is schematically shown in Fig. 1, proteoliposomes are prepared with a 
low protein-to-lipid ratio, such that only 1 in ~10 liposomes contains a (single) cytochrome 
bo3. The (proteo)liposomes are sparsely adsorbed on transparent, gold coated, microscopy 
slides so that individual vesicles can be optically monitored. The pH in the lumen of the 
(proteo)liposomes is monitored via a membrane impermeable pH-dependent fluorescent dye, 
which are encapsulated in the vesicles. After a set period of time, typically 100s, the 
ubiquinone pools in the (proteo)liposomes are electrochemically reduced, which initiates and 
sustains proton transportation by cytochrome bo3 in proteoliposomes. The electrical potential 
is switched off again after a set period of time, usually 100s, and the enzymes enter their rest 
state as the ubiquinol pool in the vesicles is exhausted within the temporal resolution of the 
experiment [16]. Fluorescence images are taken continuously throughout the three stages of 
the experiments: the pre-potential period (enzyme at rest), potential window (enzyme active), 
and post-active period (enzyme at rest). The experiments were carried out on the wild-type 
(WT) cytochrome bo3 in the absence and presence of valinomycin, which abolishes '\, and 
on E286C cytochrome bo3 in which the glutamate ³gate´ has been mutated. This mutant still 
reduces oxygen to oxidize XELTXLQRO WUDQVSRUWLQJ³FKHPLFDOSURWRQV´DFURVV WKHPHPEUDQH
in the process, but is unable to ³SXPS´SURWRQV [21]. 
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Fig. 1. Schematic representation of the experimental method. A custom-built electrochemical cell enables the 
continuous monitoring of the fluorescence signal with an inverted microscope. Proteoliposomes with a low 
protein-to-lipid ratio are sparsely adsorbed on a transparent gold coated slide, which acts as an electrode in a 3-
electrode system: working electrode/gold electrode (W.E.), counter electrode (C.E.), and reference electrode 
(R.E.). While fluorescent images are recorded, a potential of -0.2V vs. standard hydrogen electrode (SHE) is 
applied to the W.E. to reduce the ubiquinol pool within the liposomes, which initiates and sustains the proton 
transport by the reconstituted cytochrome bo3 complexes. The pH change in the lumen of the proteoliposomes, 
as the result of the enzyme activity, is monitored by recording the fluorescence signal of a membrane 
impermeable, pH-sensitive dye that is encapsulated in the (proteo)liposomes.  
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Single-enzyme measurements have the key ability to detect rare conformational states and 
the single-enzyme experiments on cytochrome bo3 identified the previously unknown long-
lived ³stalled´ and ³leak´ states [16]. In the stalled state, cytochrome bo3 stops transporting 
protons in spite of the supply of ubiquinol and oxygen. More surprising was the observation 
of leak states during which protons rapidly and freely flowed backwards, dissipating the 
transmembrane energy gradients [16]. In our previous work, we showed that the relative 
IUHTXHQF\RIWKHHQ]\PHHQWHULQJHLWKHUWKHVWDOOHGRUWKHOHDNVWDWHLVFRUUHODWHGWRWKHǻS+
[16]. Using a similar methodology, similar stalled and leak states were also observed in 
single-enzyme studies of the prototypic proton-pumping P-type ATPase from Arabidopsis 
thaliana isoform 2 (AHA2) [22]. In the present study, we have extended our single-enzyme 
analysis of cytochrome bo3 and show that (a) increased membrane curvature reduces proton 
pumping activity; (b) leak states might be retained by cytochrome bo3 directly after turn-over 
has been halted and; (c) proton transport activity is mostly affected by the pH on the P-side. 
 
Results and Discussion 
Fig. 2 shows examples of the time traces of individual proteoliposomes and liposomes. 
The two vertical dotted lines indicate the time period during which the potential is switched 
on and off again. A potential of ±0.2 V vs Standard Hydrogen Electrode (SHE) is applied as 
we have previously shown that reducing the potential below -0.2V does not further enhance 
the activity and hence the ubiquinone-10 reduction is no longer rate limiting [23]. 
Cytochrome bo3 is thus active in between the dotted lines. The pH change in the lumen of the 
(proteo)liposomes has been converted to the number of transported protons, taking into 
account the size of the individual proteoliposomes and buffering capacity of individual 
components in the system (see Material and Methods for details). Positive number of 
transported protons corresponds to protons being translocated out of the vesicle (from the 
lumen to the bulk solution), and vice versa. The presence of proton transport in both 
directions reflect the random orientation of the complex. The majority (~85%) of the time 
traces are flat and featureless (Fig. 2 bottom right) because at this low protein-to-lipid ratio 
most of the vesicles do not contain a cytochrome bo3 complex. Of the proteoliposomes that 
show active proton translocation, the majority (>80%) show a constant steady-state activity, 
demonstrated by linear increase or decrease in the number of transported protons while the 
potential is applied (Fig. 2, top). 
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Fig. 2. Examples of time traces of individual proteoliposomes/liposomes. Positive number of transported 
protons corresponds to outwards proton translocation (from intravesicular space to the bulk solution), and vice 
versa. Example traces are given for proteoliposomes where protons are pumped throughout the application of 
the electrical potential without observable proton leakage (top left & top right), proton leakage observed in the 
post-active period (middle left & middle right), and proton leakage observed within the electrical potential 
window which appears to continue into the post-active period (bottom left). An example of liposome without 
cytochrome bo3 is also shown (bottom right). Solid red lines are fits to the data (solid gray) as explained in the 
text. Proton uptake/release activity was initiated by applying an electrical potential between 100s and 200s as 
indicated by the vertical dashed lines. 
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Effects of membrane curvature 
Membrane curvature affects the activity of many membrane proteins, and some membrane 
proteins have been shown to change membrane curvature [24-26]. In Fig 3, the proton 
translocation activity of cytochrome bo3 is thus analyzed in relation to proteoliposomes size, 
which indicates that the proton transport rate is indeed correlated to the membrane curvature. 
We note that to compile Fig. 3, only data has been used where cytochrome bo3 actively 
transport protons, i.e., stalled and leak states have been omitted. As explained in the 
introduction, pH changes in the lumen are measured via an encapsulated fluorescent dye. The 
size of proteoliposomes were determined independently, by doping the lipid vesicles with 
fluorescent lipid analogues and using the intensity of this fluorescence to determine the size, 
which is calibrated using dynamic light scattering [27]. As shown in the top of Fig. 3 (white 
bars), the rate of pH change is largely constant with proteoliposome size. However, the 
volume of the internal lumen and the number of phospholipids in a vesicle are dependent on 
its size and both properties affect the buffer capacity of the vesicle. As a result, smaller 
vesicles should display larger pH changes when a fixed number of protons is transported. 
Indeed, when the rates of pH changes (which are size independent) are converted to the rates 
of proton transportation (see Materials and Methods for details), cytochrome bo3¶VDFWLYLW\LV
shown to be strongly dependent on the proteoliposome size, i.e., the enzyme is more active in 
low-curvature membranes (Fig. 3, bottom). This is in agreement with earlier studies that 
suggest that the structure and function of transmembrane proteins can be influence by 
membrane curvature [28-31].  
In the single enzyme proteoliposomes, cytochrome bo3 is found in both orientations, either 
transporting protons into or out of the lumen. The effect of membrane curvature was also 
determined for either orientation separately, but no significant differences were observed 
between both orientations (not shown) and hence, in Fig. 3, transport by cytochrome bo3 in 
both orientations is combined. Cytochrome bo3 has a large degree of asymmetry with the 
ubiquinol active site and proton entry and exit sites on different sides of the membrane. The 
absence of any effect on protein orientation is thus perhaps unexpected, but consistent with a 
model in which higher membrane tensions induce general allosteric effects on enzymes as a 
whole (rather than in orientation dependent manner) [28-31].  
The effect of membrane curvature is sufficiently large that it should be observable in 
ensemble experiments. To test this, an ensemble experiment was performed in which the 
decylubiquinol (DQ) oxidation activity of cytochrome bo3 was determined in 
proteoliposomes of different sizes. Proteoliposomes were prepared identically to the single-
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enzyme experiments, but with a higher protein-to-lipid ratio. Ten freeze-thaw cycles were 
performed to increase size of the proteoliposomes to a diameter of 518 ± 23 nm, which was 
determined by dynamic light scattering (the polydispersity index, PDI was approx. 0.52). The 
DQ oxidation activity was found to be 39 ± 3 DQ/s (at a DQ concentration of 34 µM). The 
same proteoliposome preparations were then extruded to reduce the size of the vesicles to 95 
± 1 nm (PDI was approx. 0.06) and the activity was measured again under identical condition 
to be 21 ± 2 DQ/s, approximately half of that observed for the larger vesicles. Although the 
ensemble experiments show less effect of curvature than the single-enzyme experiments, they 
still confirm the general correlation between activity and vesicle size. The fact that the 
ensemble experiments show less effect of curvature might be due to a number of reasons, 
including the higher PDI of the larger vesicles, which indicates a mixture of vesicle sizes for 
this preparation.  
The transport of protons into or out of the proteoliposomes contributes to both 'pH and 
'\, but only the former is determined in our experiments. At sufficiently high pmf, the 
activity of cytochrome bo3 is expected to decrease, but without quantifying '\ this cannot be 
experimentally confirmed. To study the effect of '\ in the single enzyme experiments, '\ 
was abolished by the addition of valinomycin in a potassium buffer (Fig. 3). Two opposing 
effects were observed. First, adding valinomycin resulted in the anticipated increase in proton 
transporting activity, but only for vesicles smaller than ~140 nm. This effect, which is more 
clearly seen in the rate of pH change (Fig. 3, top), appears to be eliminated for larger vesicles, 
such that proton transport activity slightly decreased. We propose that in the smaller vesicles, 
proton transport creates a significant '\, which together with 'pH, limits the activity of 
cytochrome bo3. When '\ is abolished by the addition of valinomycin [32], the average 
proton transport rate increases. In contrast, in the larger vesicles, the build-up of '\ by a 
single enzyme might be less pronounced and a previously observed, direct inhibitory effect of 
valinomycin [33] might offset the effect of dissipating '\. The increased error bars in proton 
transport for larger diameters (Fig. 3, bottom) make it hard to record the anticipated plateau 
for larger vesicles. 
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Fig. 3. The effect of the size of proteoliposomes on the activity of cytochrome bo3. The top panel corresponds to 
the pH changing rate, while the bottom panel corresponds to rate of proton transportation (calculated from the 
pH changing rate and the independently measured proteoliposome diameter). Error bars represent the standard 
error of the mean. Negative rates (inwards proton transportation) have been converted to absolute values. 
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Proton leakage in the post-active state 
An example of a long-lifetime proton leak state that is occupied by cytochrome bo3 under 
turn-over conditions is shown in Fig. 2, bottom left. We have presented a detailed analysis of 
these rare leak states under turn-over conditions previously and they were observed in 7.2% 
of the proteoliposomes [16]. Here we extended this analysis by testing whether proton 
leakage continues when the electrochemical potential is switched off and, consequently, the 
ubiquinol substrate is depleted. Hereafter, cytochrome bo3 during this period will be referred 
to as in the ³post-active state´.  
As described in the method section, the time traces during the post-active state were fitted 
with a single-exponential curve (see also Fig. 2), where the half-life of the proton leakage is 
derived from the fitted parameters. A significant proportion of the proteoliposomes with 
cytochrome bo3 shows significant leakage in the post-active phase and more than half the 
proteoliposomes show half-lives below 500 s (Fig. 4, top, white bars). However, liposomes 
are known to exhibit an intrinsic ³background´ permeability towards protons [34]. To test 
whether cytochrome bo3 contributes to the observed leakage in the post-active phase or 
whether the leakage is due to background permeability, the same analysis was performed 
with a mutant of cytochrome bo3, E286C. Fig. 4 (top, grey bars) shows that E286C 
cytochrome bo3 displays significantly fewer leakage events with a half-live below 100 s.  
We have previously performed pH jump experiments in which proteoliposomes with WT 
or E286C cytochrome bo3 were subjected to a sudden pH change of ~0.5 units 
(Supplementary information of reference [16]). These proteoliposomes were prepared with a 
higher protein-to-lipid ratio to ensure each liposome contained cytochrome bo3. Here, we 
have re-analyzed these pH jump experiments to determine half-lives of the pH gradients (Fig. 
4, bottom). It is clear that in these pH jump experiments, liposomes of this study with WT (or 
E286C) cytochrome bo3 do not exhibit significant proton leakage with half-lives below 100 s. 
In contrast, slower leakages with half-lives above 100 s are observed, which we ascribe to 
background permeability of the liposomes.  
Together, these observations show that in the ³post-active state´, a significant fraction of 
proteoliposomes with WT cytochrome bo3 exhibit fast proton leakage (half-lives < 100 s) that 
is not due proton permeability of the proteoliposomes (i.e., background leakage). This 
strongly suggest that proton leakage with half-lives below 100 s occurs through the enzyme. 
It is unclear to what extend this leakage is identical to the leak state we previously identified 
in proteoliposomes with WT cytochrome bo3 under turn-over conditions. Importantly, 
leakage with half-lives below 100 s is not observed in pH jump experiment where 
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cytochrome bo3 has not been active, consistent with the idea that cytochrome bo3 at ³rest´ 
(oxidized O-state) does not leak protons. We note that the post-active leakage is observed 
either as a continuation of the leakage initiated during conditions that support turn-over (Fig. 
2, bottom left) or immediately when commencing the post-active period (Fig. 2, middle). 
Presumably, in the former, the leak state simply continues when the electrochemical potential 
LVVZLWFKHGRIIDWWKHVWDUWRIWKH³SRVW-DFWLYH´SKDVH. 
 
We note that we have previously confirmed that leakage is reversible, i.e., 
proteoliposomes that display leakage return to a non-leaking state (Figure S3 of the 
Supplementary Information in [16]). We observed that the percentage of (proteo)liposomes in 
consecutive time-trace experiments on a single electrode is constant. Would leaking 
proteoliposomes not be able to return to a non-leak state, this percentage would have 
decreased.  Furthermore, we previously also determined that addition of valinomycin did not 
change the frequency by which leak states were observed[16]. This suggests that the 
probability by which cytochrome bo3 can adopt a leak state is not dependent on '\. We note, 
however, that valinomycin did affect the leak rate, suggesting that '\ contributed to the 
kinetics by which protons flow back once a leak state is adopted by cytochrome bo3. 
Previously, the group of Verkhovsky showed that proteoliposomes containing cytochrome 
c oxidase from either bovine or Paracoccus denitrificans exhibit faster relaxation of the '\ 
when the enzyme is in the OH state (the OH state is the fully oxidized form of HCO that is 
formed when a fully reduced enzyme reacts with oxygen) [35]. Relaxation times, W, below 
0.5 - 0.8 s were observed for the OH state compared to much slower relaxation (W > 3 s) for 
the reduced cytochrome c oxidase. Interestingly, the fast relaxation behavior was absent in a 
mutant in which the D-channel was blocked (D124N cytochrome c oxidase), which led to the 
conclusion that the fast relaxation was due to proton conductance through the D-channel in 
the OH state and that cytochrome c oxidase could leak by uncoupling or slipping between 
electron and proton transport. The '\ relaxation times (W) are much faster than reported here 
for 'pH, but the experimental systems are not directly comparable. The dissipation of '\ 
was measured in an ensemble experiment after a photo-induced single turn-over, where the 
second turn-over was limited by the presence of CO. In spite of the fact that the two 
experimental systems greatly vary, we are wondering whether also the post-active leak states 
could be explained by different oxidation states of cytochrome bo3. By abruptly halting the 
electrochemical ubiquinol oxidation, a heterogeneous population of cytochrome bo3 enzymes 
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could arise with different oxidation states, some of which may correspond to the leaky OH 
state.  
In this respect we note a very recent publication by the group of Brzezinski, in which 
single-enzyme experiments were performed with cytochrome bo3, but under their 
experimental conditions no leak state was observed during continuous turn-over [36]. This is 
in contrast to our experiments, the analysis by Verkhovsky discussed in the previous 
paragraph[35] as well as leak states observed with another structurally unrelated enzyme, P-
type ATPase [22]. A detailed discussion of the differences in methodology between the two 
studies and how they could be responsible for the observed difference falls outside the scope 
of this paper. However, it would be interesting to examine whether there is an effect of the 
different substrate homologues used in both studies (ubiquinol-1 versus the lipophilic 
ubiquinol-10) and its potential correlation to oxidative and leaking states of cytochrome bo3 
or whether the temporal resolution affects the observations. The fact, however, that we and 
others have observed leaking in multiple structurally unrelated proton transporters suggests 
that leaking could be a general feature reflecting stochastic nature of transporter function at 
single molecule level. 
Finally, one might question to what extend the leak states contribute to the maximum 'pH 
that can be generated by cytochrome bo3. The maximum 'pH observed in our experiments is 
2 units, although very few liposomes are observed with a 'pH > 1.5. 2 pH units is equivalent 
to an electrochemical potential of ~120 mV, close to the value reported for the plasma 
membrane in E. coli cells [37]. We have previously shown that the probability of the leak and 
stalled states increases at higher 'pH [16]. Thus, it is possible that when 'pH reaches 
saturating conditions, the enzyme simply stops or stochastically starts leaking. However, due 
to the low number of liposomes that are obtained at 'pH > 1.5, it is hard to make statistically 
robust conclusions on whether and, if so, how the leak states limit the maximum attainable 
'pH. 
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Fig. 4 The distribution of the proton leakage half-life of proteoliposomes after the electrical potential was 
switched off (Top, enzyme inactive) and after a pH jump of 0.5 units was applied (Bottom). The white and grey 
colors correspond to WT and E286C cytochrome bo3, respectively. Only half-life values below 500 s are shown 
as higher values cannot confidently be determined in the 100 s time period the post-active state was monitored. 
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pH effects on proton transport activity 
As discussed in the introduction, the pH on the N-side of the closely related cytochrome c 
oxidase has been shown to be fully accountable for the overall pH-dependency on the O2 
reduction activity and kinetics of proton uptake and electron transfer in the pH-interval 6±9.5 
[20]. The aforementioned study was performed at the ensemble level and the pH in the lumen 
and extravesicular (³bulk´) buffer were set so that the enzymes did not work against a ǻpH. 
In contrast, the present study investigates cytochrome bo3 on the single-enzyme level. Here, 
when cytochrome bo3 is activated and starts transporting protons, the lumen pH increases or 
decreases depending on the random orientation of the protein complex in the proteoliposome 
(Fig. 2). The extravesicular pH remains constant at 7.4 because the volume of the lumen of 
proteoliposomes absorbed in the surface is negligible compared to the relatively large volume 
of buffered solution. 
,I WKH LQWUDYHVLFXODUS+LV WKHVDPHDV WKHRXWVLGH WKHHQ]\PHVEXLOGDǻS+DJDLQVW WKH
proton transportation as soon as they become active. Importantly, however, before activating 
cytochrome bo3 (the pre-potential period), the pH in the lumen was observed to vary between 
single proteoliposomes with a distribution around the bulk pH 7.4. Thus, the distribution of 
the lumen pH at the start of the time traces enables us to monitor enzymes transporting proton 
along, as well as against, ǻpH, while at the same time monitor the effect of absolute pH 
values. As both orientations of the enzymes in the proteoliposomes are present, the present 
study contains data for 4 types of condition for proton transportation: outwards against ǻpH 
(Fig. 5, left, shaded bars), outwards along ǻpH (Fig.5, left, clear bars), inwards against ǻpH 
(Fig. 5, right, shaded bars), and inwards along ǻpH (Fig. 5, right, clear bars). Fig. 5 (top) 
shows that the pH-dependency of WT cytochrome bo3 is different on the two sides of the 
enzyme: proton uptake at the N-side (proton entrance, Fig. 5, left) is insensitive to pH 
between pH 6.4-8.4 (the seemingly higher rates at lower pH are not statistically relevant); in 
contrast, proton release at the P-side (proton exit, Fig. 5, right) has an optimum pH of about 
7.4. The same experiment was repeated in the presence of valinomycin to negate any 
potential contribution of '\ (Fig. 5, middle). A similar pH dependency is observed with 
valinomycin, although there is now a possible pH effect apparent at the N-side, but with a 
much smaller magnitude as that of the P-side.  
Cytochrome bo3 has two proton channels conserved in the Type-A heme-copper oxidases, 
known as the K- and D-channel, both of which lead to the heme-copper BNC where oxygen 
is reduced [1, 4, 9, 38]. The K-channel transports protons required for the oxygen reduction 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
15 
 
and the D-channel transports both protons for oxygen reduction and all the pumped protons 
[5-8]. Both channels take up protons from the N-side, but some of the protons taken up from 
the D-channel are transported to a currently unidentified proton exit site at the P-side. In 
cytochrome bo3, unlike the cytochrome c oxidases, protons released from the ubiquinol 
oxidation reaction are also released to the P-side. To differentiate between the two proton 
releasing reactions (i.e., the pumped protons and protons released by ubiquinol oxidation) we 
again resorted to the E286C mutant, which does not pump but still releases protons from 
ubiquinol oxidation to the P-side. Fig.5 (bottom right) indicates that while proton uptake 
from the N-side is qualitative similar to WT cytochrome bo3, the pH dependency on proton 
release at the P-side is not detected in the mutant. We therefore propose that the pH-
dependency of proton transport activity by WT cytochrome bo3 is due to proton release at the 
proton-exit site. 
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Fig. 5. The effect of intravesicular pH on the rate of proton translation in cytochrome bo3. The top two 
subfigures show data from WT cytochrome bo3; the middle are for WT cytochrome bo3 with valinomycin; and 
the bottom two are for the E286C mutant. The three panels on the left correspond to cytochrome bo3 
transporting protons outwards (the alkalization of the lumen pH), while the three panels on the right correspond 
to transporting protons inwards (the acidification of the lumen pH). Shaded bars show cytochrome bo3 WUDQVSRUWLQJSURWRQVDJDLQVW WKHǻS+DQG WKHFOHDUEDUV VKRZ WKHSURWRQ WUDQVSRUWDWLRQDORQJ WKHǻS+(UURU
bars represent the standard error of the mean. The value in brackets above each data point indicates the number 
of proteoliposomes containing a single cytochrome bo3 observed under these conditions (n). 
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Conclusions 
Using single-enzyme data, three enzyme properties of a HCO, cytochrome bo3, were 
established. The proton transport rate is insensitive to pH between pH 6.4-8.4 on the N-side 
of the enzyme, while on the P-side the activity is optimal at a pH of about 7.4. Second, the 
proton transport rate is positively correlated to the size of the proteoliposome, i.e., the 
enzyme activity is negatively affected by membrane curvature. Finally, cytochrome bo3 can 
enter a leak state either during turn-over or upon halting turn-over. While this suggests one of 
the intermediate oxidative states may be linked to leakage the mechanism by which 
cytochrome bo3 leaks protons is currently unknown and is subject to further studies. 
 
Materials and methods 
Protein purification and reconstitution 
All chemicals were purchased from Sigma-Aldrich unless otherwise stated. Wild-type and 
E286C cytochrome bo3 were purified from Escherichia coli C43 strains with the bo3 gene 
knocked out from chromosome, where proteins were expressed from pET plasmids 
containing the corresponding gene sequences [21]. Wild-type cytochrome bo3 was also 
purified from GO105/pJRhisA [23] for comparison. Proteins were purified[39] and 
reconstituted[40] similarly as previously reported.  
Cells expressing cytochrome bo3 (typically in batches of 4 L culture) were resuspended 
after centrifugation (7000 g for 10 min) in W1 buffer (20 mM MOPS, 5 mM MgSO4, 30 mM 
Na2SO4, pH 7.4) at 0.25 g cells/mL and were lysed by two passages through a cell disrupter 
(Constant Systems) at 35 kpsi. The lysed cells were centrifuges at 11000 g for 10 min to 
remove debris. The supernatant was further centrifuged at 100000 g for 1 h at 4 qC to harvest 
the cell membranes, which were resuspended in W1 buffer. After determining the protein 
concentration with a bicinchoninic acid (BCA) assay, the membranes were diluted to 3-4 
mg/mL protein in solubilization buffer (20 mM tris/HCl, 5 mM MgSO4, 300 mM NaCl, 20 
mM imidazole, 10% glycerol and 1% n-dodecyl-E-maltoside (DDM, Anatrace), pH 8.0) and 
incubated 1 h at 4 qC. The mixture was again centrifuged at 100000 g for 45 min to remove 
insoluble material, after which the supernatant was loaded on a Ni-sepharose column (GE 
Healthcare, 2 mL Sepharose 6 Fast Flow) that was pre-equilibrated with equilibration buffer 
(20 mM tris/HCl, 5 mM MgCl2, 10% Glycerol, 250 mM NaCl, 20 mM imidazole, 0.05 % 
DDM). The column was washed with at least 20 mL equilibration buffer A and then 20 mL 
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wash buffer B (same as equilibration buffer A, but with 40 mM imidazole). The protein was 
then eluded using a linear gradient in which the imidazole was increased to 200 mM. The 
protein was concentrated, and the buffer was exchanged for 20 mM MOPS, 30 mM NaSO4, 
pH 7.4 in a 100 kDa MW cut-off ultrafiltration column (Vivaspin, Generon). After the 
protein concentration was determined with a BCA assay and using the adsorption of the Soret 
band at 408 nm, aliquots were stored at -80 qC at a concentration between 20 ± 40 µM after 
snap freezing in liquid nitrogen.  
Cytochrome bo3 was reconstituted in E. coli polar lipids (Avanti Lipids). 5 mg of E. coli 
polar lipid was dissolved in 95 µL chloroform to which 50 µL 1 mg/mL ubiquinone-10 (in 
chloroform) and 20 µL (1 mg/mL) ATTO633-DOPE (ATTO-TEC GmbH, Germany) in 
chloroform was added. After the mixture was dried under vacuum for at least 1 h, it was 
hydrated in 0.5 mL of 20 mM MOPS, 30 mM NaSO4, 5 mM 8-hydroxypyrene-1, 3, 6-
trisulfonic acid trisodium salt (HPTS) and  55 mM octyl-E-D-glucopyranosde (OG). After the 
lipids were dissolved in this detergent solution, cytochrome bo3 was added at a low protein-
to-lipid ratio (0.073% w/w) and incubated on ice for 15 min. The mixture was then incubated 
sequentially in 0.05, 0.1 and 0.1 g of SM-2 Biobeads on ice for 1 h, 1h and 2h, respectively. 
After diluting the mixture (without the biobeads) with 20 mM MOPS, 30 mM NaSO4, pH 7.4 
to about 25 mL, the mixture was centrifuged at 100000 g for 1 h at 4 qC and the 
proteoliposome pellet was resuspended in 0.5 mL of the same buffer. Finally, the 
proteoliposomes solution was centrifuges at 17000 g for 5 min to remove debris and the 
supernatant was stored at 4 qC and used within 48 h for the single-enzyme electrochemistry-
fluorescent experiments. 
For the ensemble experiments, the same reconstitution protocol was used but at a higher 
protein-to-lipid ratio of 1% (w/w). After reconstitution, the proteoliposomes were treated 
with 10 freeze-thaw cycles to increase the average size of the vesicles. The size of the 
vesicles was measured with DLS as previously described [41]. The decylubiquinol oxidation 
activity was measured after which the liposome size of the same preparation was reduced by 
extruding them through 100 nm track-etched membranes and the activity measurement was 
repeated. The enzymatic activity assay was similar to that outlined in Rumbley et al. [39]. 
First the substrate, decylubiquinone (Sigma-Aldrich), was solubilized in absolute ethanol. 
The concentration of the prepared decylubiquinone solution was confirmed spectroscopically 
DW  QP İ    P0-1cm-1 in absolute ethanol). Decylubiquinone (DQ) was reduced to 
decylubiquinol using sodium borohydride crystals in a method similar to that described in 
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Trounce et al. [42]. To remove excess hydride ions remaining in the solution, 0.1 M HCl was 
added (1 µL per 10 µL of DUQ solution). For the assay, 70 µL of prepared proteoliposomes 
(5 mg/mL lipid), and 20 µL of 1.695 mM reduced DQ was diluted in HEPES buffer (40 mM 
HEPES, 20 mM NaCl, pH 7.4) to a final volume of 1 mL and the oxidation of DQ was 
PRQLWRUHGDW QP İ   mM-1cm-1 in aqueous solution) for 5 min. The activity of 
cytochrome bo3 is calculated by converting the absorbance reading at 275 nm into µmoles of 
DQ XVLQJİ 0-1 cm-1; [43]) and plotted against time. The initial slope of the curve in 
a plot of µmoles of DQ against time (gradient of the initial 20 seconds) is calculated and 
converted to represent rate of DQ turnover per cytochrome bo3, where we used the previously 
determined reconstitution yield of ~50% [16, 44] (i.e., final protein-to-lipid ratio is ~0.5% 
(w/w; ~25 µg/mL in the proteoliposome solution) and a molecular weight of cytochrome bo3 
of 144 kDa (i.e. ~0.17 µM in the proteoliposome solution).  
 
Electrochemistry-microscopy measurement 
The experimental set-up was described in detail elsewhere [16]. 
Proteoliposomes/liposomes were sparsely absorbed to a highly smooth gold electrode 
functionalized by 6-mercapto-1-hexanol. Images and time-resolved image series were 
recorded using an inverted epi-fluorescence microscope (Nikon Instruments, U.K.). The 
frame rate is 2.6s. Typical image series contain about 500-1000 lipid vesicles. The 
ubiquinone pool in tKH YHVLFOHV¶ OLSLG ELOD\HU can be electrochemically reduced (-0.2V vs. 
Standard Hydrogen Electrode) and initiates oxygen reduction and proton uptake/release in 
cytochrome bo3. The recording of images starts without an electrochemical potential (pre-
potential phase) followed by a 100s-phase (within-potential phase) with the electrochemical 
potential applied to the gold electrode (cytochrome bo3 can transport protons in this phase). 
The potentiostat was then switched off again but the image recording would continue for 
certain amount of time (post-active phase). The total time span for each recording session is 
300s. When the electrochemical potential is terminated, the proton uptake/release activity is 
found to halt within the time resolution of this study and, thus, the enzyme activity is tightly 
controlled by the potentiostat. There is a minimum of 15-minutes waiting period between 
HDFKUHFRUGLQJWRDOORZWKHǻS+DQGPHPEUDQHSRWHQWLDOWRGLVVLSDWHDQGWKHILHOGVRIYLHZ
of different recording sessions do not overlap. Typically, 5 recordings were done on each 
gold electrode. Each experimental system (wild-type bo3, E286C mutant and valinomycin) 
contains data collected from different batches of purified proteins and with each protein batch, 
recordings with multiple electrodes were made. The number of independent lipid vesicles in 
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the experiment with the wild-type enzyme was about 69,000, of which about 4000 vesicles 
exhibit proton uptake/release. When required, valinomycin was added to a final concentration 
of 10 µM as described in detail elsewhere [16]. 
 
Data Analysis 
The data analysis procedure is written in MATLAB language and was described in detail 
previously [16]. Before the start of an experiment a single fluorescence image was taken to 
obtain the ATTO-633 fluorescence intensity of individual proteoliposomes/liposomes, which 
was used to calculate the radius (r) of the individual proteoliposomes/liposomes. Time-
resolved imaging data were recorded for HPTS fluorescence. Image series were registered 
and corrected for drifting using ImageJ StackReg plug-in [45]. All subsequent analysis was 
performed in MATLAB R2015a (MathWorks, Massachusetts, U.S.A.) using user-written 
code. Lipid vesicles were identified on each frame of the image series and a two-dimensional 
Gaussian function ZDVXVHGWRILWHDFKYHVLFOH¶+376IOXRUHVFHQFHLPDJHV7KHUDWLRRIWKH
fluorescence intensity of HPTS with the two excitation filters was used to calculate the pH 
inside the individual proteoliposome/liposomes at the time of measurement, according to: ൌܭ ൅  ൬ܴ െ ܴH?ܴH?െ ܴ൰ 
where R is the measured intensity ratio using the two excitation filters, pKapp is the apparent 
pKa value of HPTS and Ra and Rb are the fluorescence intensity ratios of the protonated and 
unprotonated forms of HPTS, respectively. 
 The cumulative number of protons taken/released ('H+total) was then calculated based on 
the diameter of lipid vesicle, the pH change of a vesicle compared to the beginning of the 
recording (i.e., ('pH)t = pHt ± pH0; where pHt is the pH at time t and pH0 the average pH of 
the pre-potential phase) and the buffering effect of MOPS buffer ('H+MOPS), HPTS ('H+HPTS) 
and the lipids ('H+lipids), according to:  ?H? ൌ   ?H? ൅  ?H? ൅  ?H?  
,Q WKLV GHILQLWLRQ ǻ++total equals 0 at time=0. The concentrations of MOPS buffer and 
HPTS encapsulated within the lipid vesicles were assumed to be the same as the bulk solution. 
The buffering effect of MOPS and HPTS was calculated using a simple reordering of the 
Henderson-Hasselbach equation, taking into the account the internal volume (lumen) of the 
proteoliposomes (V) and the concentration of MOPS and HPTS (cMOPS and cHPTS). Positive 
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ǻ++ is defined as protons being transported from the lumen of the vesicle to the outside bulk 
solution. ܸ ൌ  ? ?ߨݎH?  ?H? ൌ ܸܰ O? ܿH?H?H?H? ? ?O?బH?H?ೌO?൅  ?െ ܿH?H?H?H? ? ?O?೟H?H?ೌ O?൅  ?O?  ?H? ൌ ܸܰ O? ܿH?H?H?H? ? ?O?బH?H?ೌO?൅  ?െ ܿH?H?H?H? ? ?O?೟H?H?ೌO?൅  ?O? 
where pKa_MOPS and pKa_HPTS are the pKas of MOPS and HPTS, respectively. NA is the 
Avogadro constant. 
The lipids are obtained from an E. coli extract and are a complex mixture of various lipids 
with different pKas, where cardiolipin has been described to exhibit a complex protonation 
behavior around neutral pH [46]. Hence, tKH OLSLGV¶ EXIIHULQJ FDSDFLW\ ZDV GHWHUPLQHG
empirically by a titration of liposomes between pH 3 and 11 beforehand and fitted to a 5th 
degree polynomial (R2 > 0.99). To avoid overfitting, the smallest number of parameters was 
used without introducing obvious fitting errors. At the 4th degree, a fitting error over 8% was 
observed at pH=6 and hence a 5th degree polynomial was used. The buffer capacity was 
GHILQHGDVǻ++ per lipid molecule as the function of pH (as determined from the pH titration). 
To do this, we estimated a weighted average of the lipid molecular weight and an average of 
the surface area per lipid molecule (Alipid headgroup) [47]. Various alternative models were 
considered to fit the pH titration and describe the buffer capacity of the E. coli extract, but 
DOWHUQDWLYHPRGHOVZHUHQRWIRXQGWRVLJQLILFDQWO\FKDQJHWKHGHWHUPLQDWLRQRIǻ++total. The 
lipid surface area of the individual single vesicles was estimated from the vesicle size, 
according to: ܣ ൌ  ?ߨݎH? ܰ ൌ ܣ ܣ ?   ?H? ൌ ܰ O?൫ܽH?H?൅ ܾH?H?൅ ܿH?H?൅ ݀H?H?൅ ݁H?൯െ ൫ܽH?H?൅ ܾH?H?൅ ܿH?H?൅ ݀H?H?൅ ݁H?൯O? 
where N is the number of lipid molecules in a vesicle, which is calculated from the vesicle 
surface area (A) and Alipid headgroup. a, b, c, d and e are the parameters of the polynomial 
function that are obtained by fitting the results of the titration of a liposome solution (see 
above).  
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The sections of time traces recorded after the applied potential was switched off were 
fitted with an exponential decay function, where it was assume the pH would return to the pH 
in the lumen before the experiment started (i.e. pre-activity pH). We also analyzed the data 
assuming the pH would return the bulk pH (7.4) and, qualitatively, this produced the same 
results.  
The sections of the time traces within the potential window were then analyzed using user-
written code to detect the proton taken up/released and leaking events. This automatic 
analysis is based on the hypothesis that a correlation between the pH/number-of proton taken 
up/released and time indicates either an active proton uptake/release or leaking event. It 
consists of fitting the data to models of one or multiple joint lines and, for each line 
(segment), the calculation of Kendall tau rank correlation coefficient. In order to prevent 
over-fitting of the trace by multiple lines, the fitting would start with a single linear 
regression (a single segment). If the standard deviation of the residual was less than 110% of 
the standard deviation of the trace, the procedure was stopped and the Kendall tau value 
determined. The standard deviation of the trace is independently determined using the data 
prior to the application of the potential. It is assumed that the intravesicular pH before the 
applying a potential is constant and that the noise level is consistent during the entire trace. If 
the standard deviation of the residual of the segment is higher than 110%, the data is fitted to 
two joined segments (i.e., the start of the second segment joins with the end of the first 
segment), where an iterative process is used to determine, based on the best fit, at which 
time-point the two segments are connected. If any of the segments still has a residual with a 
standard deviation above 110%, this process is continued. To further check if the use of 
multiple segments is statistically justified, adjusted R2 values are determined for fits using 
one, two or more segments, and the fit with the highest adjusted R2 value is used. Adjusted 
R2 is a suitable indictor because it takes into account the increase of the number of the 
variables in a fit. P-values were calculated as part of the Kendall test on the resolved sections 
from the model fitting and only the sections of time traces with P-values below the threshold 
of 0.05 (95% confidence level) were accepted as proton uptake/release or leaking events. 
Proton uptake/release or leaking rates are taken from the slopes of the segments. The data 
was analyzed with higher and lower confidence levels and was found to be qualitatively 
identical. Finally, a leak event is defined as a change in the sign of a slope for two adjoining 
segments, where it is assumed that the first segment is due to active proton uptake/release. 
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Supplementary information 
Time-resolved fluorescence microscopic data (traces) of individual lipid vesicles with 
proton transport activity by single WT cytochrome bo3, measured during this research, are 
openly available from the University of Leeds data repository at http://doi.org/10.5518/151. 
The MATLAB code for the analysis of proton transport activity in single liposomes is also 
openly available from the University of Leeds at http://doi.org/10.5518/150 
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Highlights 
x Proton transport measurements of single heme-copper oxidases 
x Activity decreases with curvature of the lipid membrane 
x Activity dependent on pH on the P-side, but not the N-side of the protein 
x Contribution to proton leakage after turn-over has been halted 
